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AI5STRACT 

Trie f undaiKontal procusses occurring during the thermal and oxidative 
degradation of hydrocarbons are reviewed. Particular emphasis is given to 
various classes of liquid lubricants such as mineral oils, esters, polypheny! 
ethers, C -others, and fluorinatod polyethers. Experimental techniques for de- 
Lormlnlng thermal and oxidative stabilities of lubricants are discussed. The 
role of inhibitors and catalysis is also covered. 


INTRODUCTION 

Liquid lubricants are being subjected to ever-increasing thermal stresses. 
The role of the lubricants thermal and oxidative stabilities is becoming an im- 
portant factor in their survivability at high temperatures In oxidizing envi- 
ronments. Maximum fluid temperatures have been estimated to be in excess of 
PbO" C tor many applications (refs. 1 to 8). 

State-of-the-art fluids (esters, hydrocarbons, silicones, fluorinated 
polyethers, C~ethers, and polyphenyl ethers) have one or more deficiencies 
Which limit or prevent their performance above 260" C. Some of these defi- 
ciencies are related to physical properties such as pour point or volatility, 
but for many the chemical stability at these high temperatures is the weak 
link. 


fne objective of this paper is to review the fundamentals of thermal and 
oxidative breakdown processes occurring in liquid lubricants. In addition, 
the probable mechanisms of lubricant breakdown are reviewed for several chemi- 
cal classes (hydrocarbons, esters, C-ethers, polyphenyl ethers, and fluorinated 
polyethers). 


THERMAL STABILITY 

It is unfortunate that the literature is often not explicit concerning 
the teriti "thermal stability". It Is sometimes used interchangeably with 
thermal-oxidative stability. However, the proper definition Is reserved for 
processes occurring in the absence of oxygen. 


Mechanl sm 

In the case of hydrocarbons and most other fluid classes, thermal decom- 
position or pyrolysis proceeds through a free-radical chain reaction process 
yielding many products. Free radicals are organic fragments containing an un~ 
|)aired electron. These radicals are produced by homolysis (breaking) of C--C 


bonds. Those radicals can be generated by radiation, mechanical processes, 
and thermal energy (ref. 9), 

The production of free radicals from a hydrocarbon by a thermal process 
(refs. 10 and 11 ) Is Illustrated In equation ( 1 ) 

♦ R« + R^CHg-CHg + R-CH-CH^ (1) 


These radicals are highly reactive and start reaction chains by abstracting 
hydrogen atoms (H) from the parent hydrocarbon. The chainlike reaction arises 
from a simple mathematical principle - the sum of an even plus an odd number 
Is always an odd number. When a radical (odd number of electrons) attacks a 
nonradical (even number of electrons) one of the resulting species must have 
an odd number of electrons. Therefore, it Is a radical Itself and also cap- 
able of attacking a nonradical. Attack by this second radical (possibly dif- 
ferent than the initial radical) will produce a third radical. Abstraction 
reactions are Illustrated In equation (2) 

R. + R^CH2~CH3 RH + R-CHg-CHg (2) 

RH + R-CH-CH 3 

This chain sequence will continue until the radicals are destroyed or all 
of the reactants are consumed. Hence, a single radical can bring about 
changes In thousands of molecules. Radicals may be destroyed by recombination 
(eq. (3)) 


R. + R. ♦ R_R (3) 

or through disproportionation reactions (transfer of an atom from one radical 
to another) as in equation (4). 

R« + H-CH 2 -CH 2 - RH CHg = CH 2 (4) 


Radicals themselves may also fragment producing new radicals and unsaturated 
species (eq. (5)). 


R-CH 2 -CH 2 + R» + CHg » CH 2 (5) 


These reactions occur In Industrial "cracking". 

Although higher molecular weight products may be produced In this series 
of reactions, the most general change In properties of the lubricant Is an In- 
crease in the vapor pressure of the system. This Is brought about by cleavage 
of large molecules into smaller, more volatile, gaseous fragments. This gase- 
ous evolution can be utilized to quantitate the thermal stability of organic 
compounds. 
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Arrhenius Kate Law 
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The rate of thermal decomposition usually varies with temperature accord” 
iny to the empirical Arrhenius rate law (ref. 12) as shown In the followiny 
equation: 


k 



( 6 ) 


where k is the rate constant, A Is the frequency factor or preexponentlal 
factor, E Is the activation energy, R the gas constant, and T the absolute 
temperature. According to this equation, a straight line should be obtained 
when log k Is plotted as a function of the reciprocal of the absolute tem- 
perature, It has been shown (ref, 12) that for most organic compounds log 
dp/dt versus 1/T is also a straight line. Then, by analogy, 




( 7 ) 


Jsing this eqi-atlon, one can define the rate constant for thermal decom- 
position by measuring the Isothermal rate of vapor pressure rise at several 
temperatures. However, It Is more convenient to have a single parameter for 
thermal decomposition rather than to tabulate values of A' and E' which 
actually define the rate constant. 

Therefore, an arbitrary thermal decomposition temperature (Tn) Is de- 
fined as the temperature at which the Isothermal rate of vapor pressure rise 
is 1.85 Pa/sec (50 torr/hr). Then, the decomposition points for a series of 
organic compounds are the temperatures at which all have Identical Isothermal 
rates of vapor pressure rise. This is the technique used in the standard test 
method (ASTM D2879) (ref. 13) for measuring the initial decomposition tempera- 
ture of liquids. This test uses a constant volume device (the isoteniscope) 
which can also be used to measure vapor pressure as a function of temperature. 


Tensimeter 

An automated device (the tensimeter), based on the same principle, 

(ref. 14) also yields thermal decomposition temperatures and vapor pressure 
data. A schematic representation of the tensimeter appears in figure 1. The 
sample cell Is made of ordinary boroslllcate glass and has a volume of about 
5 ml (5xlO-'J mJ). Three to four milliliters (3x10-° to 4x10“° m^j of test 
fluid are placed In the sample cell. The sample is then degassed and refluxed 
under a vacuum. The cell Is placed In a temperature-programmed oven and heated 
to an Initial temperature about 50 C below the suspected decomposition temper- 
ature, After a 5-m1nute stabilization period, the Increase In vapor pressure. 
If any, is recorded as a vertical bar during a fixed time Interval. Then the 
programmer automatically raises the temperature by a preset amount (usually 
5 C) and the same process Is repeated. A typical thermal decomposition curve 
for a synthetic hydrocarbon Is shown In figure 2. This is a plot of the log- 
arithm of the isothermal rate of vapor pressure Increase as a function of re- 
ciprocal absolute temperature. A straight line Is drawn connecting the tops 
of the recorded bars. The Intersection of this line with the temperature axis 
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is the Tu* In addition, the activation 
he calculated from the slope of this line. 


energy for decomposition (f) can 


Useful Lives 


from a knowledge of the Tp and a useful life of a lubricant (in 
the absence of oxygen) can be calculated from the following equation (ref. il2). 


t 


0.0?85 Tq 
— log 





(S) 


where t Is time, MW is molecular weight, and x is the percent decomposi- 
tion at temperature T. The useful life is typically defined as the time in 
hours required for 10 percent decomposition. A plot of useful lives for sev- 
eral lubricants appears in figure 3 (from ref. 15). 


Generalizations 

Blake et al. (ref. 12) reported on the thermal decomposition of a variety 
of different chemical structures. From their data and that of others (refs. 

15 to 20) one can make the following generalizations: 

(1) The maximum thermal stability of a straight chain hydrocarbon or other 
compounds containing such groups is about 350" C. 

(2) Branched chain hydrocarbons are less stable than straight chain hydro- 
carbons due to steric effects and the fact that free radicals of 
greater stability are formed. 

(3) However, steric crowding around larger central atoms such as tin and 
silicon actually Increases the thermal stability compared to the less 
crowded tin and silicon compounds. 

(4) Aromatic bonds (C-H and C-C) have higher dissociation energies due to 
resonance and therefore these compounds are much more stable than 
their aliphatic analogs. Maximum stabilities of this class approach 
450 C . 

(5) Esters of alcohols having s-hydrogens decompose through a low energy 
transition state with maximum Tq's near 280* C. 

(6) Esters not containing p-hydrogens have the low energy reaction path 
blocked and therefore exhibit stabilites approaching hydrocarbons 
(320 to 3 AO C)« 

(7) Substitutions on an aromatic ring decrease its stability. Increasing 
the number of substituents continually decreases stability. Increas- 
ing the chain length also decreases stability unt.l it approaches that 
of aliphatic hydrocarbons. 

(8) Saturated ring compounds are more stable than their straight chain 
analogs. 

(9) Completely replacing hydrogen with fluorine sometimes increases the 
thermal stability of an organic compound (some exceptions are aroma- 
tics and esters). 
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Bond Dissociation Energy 

These generalizations arise trom the fact that thermal decomposition oc- 
curs at the weakest link 1n the compound. Therefore, thermal decomposition 
should t»e a function of the weakest bond dissociation energy (Egis) m that 
compound. Table I tabulates Tn and Epis values for a variety of com- 
pounds. The thermal decomposition temperature is then plotted as a function 
of the bond dissociation energy 1n figure 4. Here the general trend of in- 
creasing Tp with increasing Epis Is apparent. 


Bond Length 

Since bond length 1s Inversely related to bond strength, It can also be 
correlated with thermal decomposition temperature. Figure 5 contains a plot 
of Tp versus the reciprocal of bond length for a series of aromatic com- 
pounds of the type (C 5 H 5 )„M where M is a Group V element. Here the correla- 
tion is much better than in figure 4 since the cc 
similar except for the central atom. 


compounds are structurally very 


Degradation Products 

In general, two types of thermal degradation are observed with organic 
fluids. One type Is random degradation In which a great number of decomposi- 
tion products are produced. A saturated straight chain hydrocarbon is an ex- 
ample. A second type is called chain depolymerization (or unzipping). Here 
the compound reverts to its monomer. Polyolefin fluids are examples. Polymers 
have analogous decomposition routes with polytetrafluoroethylene behaving in an 
unzipping mode while polyethylene exhibits a random degradation or chain scis- 
sion (ref. 21). Both processes proceed by free radical mechanisms. 

Many fluids, however, exhibit a combination of these mechanisms. Two 
factors that are important for chain depolymerization to occur are: 

(1) The reactivity of the depropagating radical 

(2) The availability of a reactive hydrogen atom which could allow chain 
transfer. 

For example, all polymers having «-hydrogens (such as polyacrylates) yield 
little monomer. On the other hand, polymers such as polymethacrylates give 
high yields of monomer because of the blocking action of the a-methyl group. 
Polytetrafluoroethylene also depolymerizes due to the resistance of the C-F 
bonds to chain transfer. 


Catalytic Thermal Decomposition 

Blake et a1. (ref. 12) has reported that the thermal stability of most 
chemical classes is not affected by the presence of metal surfaces. One ex- 
ception Is esters, which yield decreases in To from 35* to 60* C 1n the 
presence of steel (ref. 12) or iron powder (ref. 15). Klaus has also shown 
that a number of hydrocarbons were not affected by the presence of various 
catalyst coupons (ref. 20). However, recent work (ref. 22) with two esters 
(DES and TMPTH) has yielded Interesting results in evaporation tests in 
nitrogen. At temperatures below 180* C, evaporation losses are unaffected by 
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metals. However, above IflO* C, the rate of evaporation Is Increased and Is 
different for different metals. This effect Is shown In figure 6 (ref. 22). 
This suggests that thermal degradation 1s being catalyzed by the metals 
yielding lower MW products which Increase the evaporation rate. 


Effect of Additives on Thermal Stability 

There are many additives that are effective In Increasing the oxidation 
stability of lubricants which will be discussed later. However, additives do 
not normally affect thermal stability of the base fluid. This was confirmed 
by evaporation tests using a formulated ester containing phenothlazine (PTZ), 
a phenyl-a-naphylamine (PANA), and tricresyl phosphate (TCP). No differences 
were noted compared to the nonadditive fluid (ref. 22). 


OXIDATION STABILITY 

The oxidation of an organic compound with molecular oxygen Is usually re~ 
ferred to as autoxldation. As was the case with thermal decomposition, oxida- 
tion usually proceeds through a free radical chain mechanism (ref. 23), How- 
ever, with the additional participant (oxygen) the reactions can become exceed- 
ingly complex. The importance of hydroperoxides In the oxidation process was 
shown by Criegee (ref. 24). 


Mechanism 

The liquid-phase oxidation of organic compounds and liquid lubricants has 
been studied by many Investigators (refs. 25 to 56). In general, the basic 
mechanism is thought to proceed as follows (ref. 57). 


lOg-^Z In* Initiation (9) 


In* + RH + InH + R* (10) 

Here an initiator (In) produces free radicals (In*) at reaction rate 
(Ri) which abstracts a proton from the hydrocarbon and produces an alkyl free 
radical (R*). This highly reactive species reacts with oxygen in the propa- 
gation step of the chain reaction: 


R* + Oj, ♦ ROjj* Propagation (11) 

This propagation step produces a peroxy radical (ROj,*) which. In turn, reacts 
with the parent hydrocarbon (RH) to produce a hydroperoxide (ROgH). 



+ RH 



ROgH + R* 


( 12 ) 
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rills roactlofi rogfineratcis a alkyl fre« radical (R«) which praMagatcs thn chain, 
radlclfs terminated by radical coupling of two peroxy 




nonradical products 


(i3) 


or by cross torinlnatlon of an alkyl radical (R.) and a peroxyradlcal (R0;>.). 

R' + R0g« ♦ ROgR (14) 

Ihe third possihlllty is the termlnsitlon reaction of two alkyl radicals (R«). 

2R. . R-R (15i, 


uate equations 


For normal oxygen concentrations where [ROg*] » R* , reactions (14) and 
be Lpressed'^as'^^^^^* oxidation of hydrocarbon R-H can 


dt 


KptR- 


HJ 


fe)‘" 


(16) 


then directly proportional to the hydrocarbon 
H^nch?r square root of the rate of chain Initiation. This rela- 

tionship IS illustrated in figure 7, which shows the rate of oxidation of ethyl 
linoleate (initiated by benzoyl peroxide) as a function of Its concentration.'^ 

termination, different rate of consumption equations 
will be obtained. Some of these i elatlonships appear In reference 58, 


Oxidizability 

thr. which appears In equation (16) is referred to as 

Vo u^^\ ^ specific rate of Initiation, the autoxidation of a 

hydrocarbon (R-H) is then determined by the values of kr, and kt. The rate 
of chain propagation (kp) can be estimated if the bond elfergy for the weakv'st 
^ termination rate constant k^ can also be 

2ntSe™'i!Xc;rbrn'ltr!,ci^ 

However, this simple relationship (eq. (16)) breaks down at hiuh 
conversions (>20 percent). Complications are caused by the accumulation and 
reactign of secondary products such as aldehydes and ketones? 


Chain Initiation 


ORIGINAl, PAllli' BS' 
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rills olrcuiiivents thP irtnn < i^' ^ compounds and peroxides, 

l!«f»ro «wra,«o“ 1 rr«,.™rtucn,l« t,Hl«ot1»„ p«r%ds (t1»,a 

Initiation can also take place hy direct reaction with oxygen: 

KH ^ Ojp > R. » HUj^» 

thormodynaiiilcariy and klnotlcally unfavorahlo. 
i-mJurUlo^" initiators is probably duo to poroxidic 


( 1 /) 


thr. ^ '^‘^"’"'“n source of free radicals Is the thermal decomposition of 

c alkyl hydroperoxides, produciny an alkoxy and a hydroxy radical; 


RO^II ■*■ RO* ■*■ • OH 


(18J 




RO* + RH + ROH + R» 


(19) 


•OH + RH + HOH + R- 


(20) 


producing water, alcohols, and alkyl radicals, 
to as chain branching. 


These reactions are referred 


Chain Propagation 

a reaction of an alkyl radical (R») and Ov (In Itself 

rn. 1 radicals (R 02 *) are more stable than the alkyl radicals 

persistent and selective. They preferentially abstract 
only the most labile hydrogen atom (weakest C-H borid).^ A group of H~bond 

appears in Table III (ref. b7). It is obvious that phenols, thiols 
^i«n 1 ?!^ phosphines have the most labile hydrogen^ atoms. It Is * 

also clear that the relative attack for primary, serondarv and tertiarw immic 

IhSe the irderif *'''■ ^-'"d‘"y'Pd"tane 

alkytIXi'vTadfl*!’" "“'f" "" ‘yPP «f Hydrogen ahstrectliig 

aixyiperoxy radical. In order to correlate rates with C-H bond eneruip*; 

constants tor a series of hydrocarbons (R-H) should be compared for the Ltnf 
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alkylporoxy radical. TaPle IV (ref, Ei7) shows rate constants for a series of 
hyrtrocarhonsi against their own peroxy radicals (kn) and against t-putylperoxy 
radicals (kp), Obviously, reactivities are very structurally dependent, I’or 
example, the hen-zoylperoxy radical Is 40 000 times more reactive than the 
t'-hutylperoxy radical toward benzaldehyde. Comparing only C-H bond energies 
(Table III) would lead one to conclude that al<lehydef» and alkylaromatic com- 
pounds would oxidize at similar rates. However, aldehydes oxidize at apprecl- 
«ibly greater rates than the alkyl aromatics due to the strong electron withdraw- 
ing effect of the carhonyl group. 


Chain Termination 

As previously mentioned, the normal termination reaction Is 

liKOg* + KO4R (13) 


which is a tetroxlde, 

decomposition of tetroxides Is also highly dependent on the nature of 
the R-group. For example, secondary and primary alkylperoxy radicals undergo 
disproportionation to an alcohol and a ketone. ^ 

RO^R ♦ RgCO + RgCHOH + Og (21) 

Tert-alkylperoxy radicals yield a different mechanism resulting In the forma- 
tion of dialkyl peroxides and O2. The dialkyl peroxides undergo further de- 
composition. Therefore, primary and secondary alkylperoxy radicals yield much 
higher termination rates than tert-alkylperoxy radicals. 

The oxidation rate of a hydrocarbon is determined by both the propagation 
Tp! termination rate (kt) as indicated In equation (16). This 

illustrates why a reactive hydrocarbon such as toluene (CcHc-CH^-H), which has 
a C-H dissociation energy of only 85 kcal/mole, has a rather low autoxidation 
1 termination rate of its primary alkylperoxy 


Inhibition of Autoxidation 

1.1. Autoxidatlons can be inhibited by the addition of scavengers which break 
the chain reaction by forming stable free radicals; 

R0j,» + XH ♦ ROgH + X' (i?; 


An ex amp e is in the use of substituted phenols ( ^6-di-t-butyl -4-methyl pheno 1 ) 
that would yield stable phenoxyl radicals (Ar0» ) which are far less reactive 
than the RO^* radical or the R* normally formed by hydrogen abstraction from 
the parent hydrocarbon. 
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A second type 
Here the Inhibitor 
prodMCts. 


of Inhibitor causes the destruction of hydroperoxides (ROpH), 
(X) reacts with the hydroperoxide (ROgH) yielding nonradical 


RO^H + X ► ROII + XO 

An example of this type of Inhibitor is phenothiazlne {P17). 


(;^ 3 ) 


Metal coaters (such as trlcresylphosphate) can somotiinus be considered as 
a third type of inhibitor. Here their action is to prevent catalytic effects 
by coating metal surfaces. jr iw 


The effectiveness of a chain breaking inhibitor is dependent on two fac- 
nZ I or stability of the radical (X) formed from the inhib^ 

reaction rate of the peroxy radicals (R0p» ) with the in- 
foflowlng^ * reactivity of X Is determined by the ratio of kp/k 24 of the 


ROg* + RH ROgH + R. 


(12) 


■'24 

RH + X* XH + R« 


(24) 


The lower this ratio, the greater the inhibition of the additive.. If X* are 

very small and X Is an excellent inhibitor. If 
lower rate propagation, the chain reaction proceeds but at a 

The inhibitors effectiveness is also a function of its rate of reaction 
with peroxy radicals [y.22 


■'22 

ROg* + XH — ► ROgH + 


( 22 ) 


The higher this rate (kp?) the lower the concentration of inhibitor required to 
decrease the rate of oxfoation by a certain factor. The effectiveness may be 

*^22/ks where kg Is the reaction rate for some Inhibitor 1n reac- 
tion 22 taken as a standard, fable V (ref. 25) shows the effectiveness for 
several phenols. 


Metal Catalysis In Oxidation 

Metal catalyzed oxidations are either homolytic (one electron processes) 
or hetero lytic (two electron processes). Homolytic catalysis usually invokes 
solub e transiton metal salts (homogeneous) such as napthanates of Co, Mn, Fe, 
and Cu, or the metal oxides (heterogeneous). Homolytic catalysis requires re- 
cyling of the metal species between several oxidation states by one electron 
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clian<jt‘. In addition, iron radicals 
oxriiiiplo 01 this typo ol catalysis is 


art) produced durlny this niochanlsiii. An 
111nstrate«l in the foriawiny oqnatiijns. 



suijstuultion It doos Illustrate thu homo- 
lytic process (I.e., the torinatlon ot free radicals and one elnctron transfer. 

SV.H coristrast, heterolytic catalysis Involves reactions of compounds co- 
ordinated to transition metals. The metal complex acts as a Lewis acid and 
undergoes two-equiyalent changes. Free radicals are not Involved, An example 
01 this mechanism is shown here for another oxidative substitution. ^ 




Fb^'^X^ + X" 

H 

Pb^'^X^ + h"" (2b) 

X + Pb^^X^ 


Catalysis of liquid phase autoxidatlons often proceed by hemolytic decom- 
position ot alkyl hydroperoxides. The rapid decomposition of these hydroper- 

containing Iron, manganese, cobalt, and copper compounds 
IS well known. The two basic reatlons are: 


ROgH + R0» 

ROgH + h. ROj,. + M 


+ m"* + MO" 

(H/) 

(n-l)+ 

(5?0) 


Therefore, metal complexes catalyze autoxidatlons by genoratlno chain 1nifii 

^ I'* «‘^'^it1on alkyrraSfcal! (R? mly 

produced directly from the parent hydrocarbon. ' ^ ^ 


U 
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RH + M 


h 


nt 



(RO) 

» Oj, » + 02- 

(30) 


llumogonooufj and Heturogontsous Cai:al)»si!j 

Th(! lundaniontal chomlcal procfissos ocfiurr’lnjj durlny oxidat 'oii urg V-g sanig 
wlKithor t;hQ process takes place In the coordination sphere of u soluble metal 
complex (homogeneous) or at an tulsorabate-metal Intert'ace, The same modianlS'* 
tic pathways are available to both kinds of catalysis. The local chemical 
structure of the active site Is more Important than the macroscopic features of 
a system, such as Its physical state. 


Chain branching 

From the Introductory material It might appear that, at least for pu»'e 
component systems, predictions of reaction rates and product distributions 
should be relatively easy to make. At sufficiently low temperature.} (clTO* C) 

and low conversions (<10 percent) this Is probably true for many simple lydrO' 
carbon systems. ^ r j 

Above 100* C there is an Increasing tendency for the p» o^^-ry oxidation 
products (alkyl hydroperoxides) (ROgH) to decompose homolytUally Into alkcxy 
and hydroxy radicals as previously shown; 

ROgH ♦ RO* + «0H (18) 


These reactive species can further react with the parent hydrocarbon RH to 
produce more alkyl radicals. 


RO* + RH ♦ ROH + R* 


(19) 


•OH + RH > HOH + R* 


( 20 ) 


These branching reactions can greatly accelerate the oxidation (auto- 
catalysis) and complicate the reaction picture. Another complication Is that 
the increased reaction rate may drive the system out of the kinetic region 
(I.e., Into a region where oxygen diffusion becomes a limitation). Therefore, 
this must be taken into account in high-temperature oxidation. 


EXPERIMENTAL METHODS 

Reaction kinetics of liquid-phase oxidation processes must be studied in 
the kinetic region. That Is, the reaction must not be oxygen diffusion 11m1- 
ua. Most standard oxidation-corrosion tests developed In the past have been 
bulk tests. Air or oxygen is passed over a static fluid, bubbled through the 
fluid or over a constantly agitated fluid. An example of a macro-oxidation 
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'K wtthln the scope of this paper to 

hS’sed^taM^ourtS^^^ diffusion limited/ Lference R6 

di cu^S iflSn 4 ^ reactors. Other standard tests are also 
discussed In the literature (refs. 6;? and 63). 

Oxygen Diffusion 

11qu1d"phase Involves three processes. 

),.{ IV oxygen In the gas phase to the liquid-gas Interface 

gas-liquid interface. 

(3) Diffusion of the dissolved oxygen Into the liquid ohase 
Process (1) Is very rapid and not a limiting factor. Process (2) Is related 
to the partial pressure of oxygen and Henry's law constant. Process (3) de- 

the amount oJ J ntV determine If oxygen diffusion is a problem, 

the amount of fluid or oxygen can be varied and agitation rates can be rhanueH 

{lie^rneu? taction 1? n”t‘ mfnVpUc'e ?n‘’' 


Kinetic Curves 

Qomt-ton nf^o >neasured in most oxidation studies is the ab- 

parameter is plotted as a function of time, four 
different kinetic curves are observed (ref. 25) (fig. 9). Figure 9(a) shows 
an autocat a lytic effect sometimes observed with mineral oils of low aromatic 

e^a^/iis ^7iqure 9 Hnf •? aromatic mln- 

fn* .^’^ure 9(c) is linear and is neither autocatalytic nor autoretard- 

iS? (.xSir-'r-n;irde“renzk«K"' 


Microtests 

diffusion problems, many investigators have designed new exoer 

irn‘deiroien 4 ?r^ 2 “f‘ir,'= "“'J: '' ha,T 

dy KlauTinTMi'^co^rktsVdfs. SS^ad 6?K™° 

of ldbV"lca,!ft 4 o'f,!'in,f''ff‘- '• “«1cally, a very small quantity 

?L *, ^ ’* injected onto the surface of a catalyst after 

1 C entire apparatus has been equilibrated at test temperature A constant 
low Of air is inaintalnod through the air entry tube! Volatm o?1dat?on 

1 !n“ut“!s'or“a" I'”' conclusion! Which i°e a few 

from the°:;v!„'“o! '’-“ved 

«ial!v‘s{sra‘raJro?4x4d!?1orc"all''b'^ dlil^lnSd!"' 
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This apparatus has a number of advantag^-s. It. is f-impie, requires little 
test sample, has good reproducibility, and tost durai,<o''. are not long. Sur- 
face area Is also constant and does not vary during the test. An Infinite 
variety of catalysts can be studied and each can be recycled. However, there 
are some drawbacks. 

The thin film test Is a batch process and is subject to evaporation as 
well as oxidation. This usually can be taken Into account by running Identical 
tests In nitrogen. However, some highly stable materials require higher tem- 
peratures for reasonable reaction rates to take place. Sometimes the original 
charge disappears well before test conclusion. Of course, this can be alle- 
viated by running tests above atmospheric pressure as has been done by others 
(ref. 1^5). 

Another problem caused by the thin films Is rapid loss of additives from 
formulated fluids. Even with thin film tests, diffusion limitations can occur, 
especially at high temperatures, where local oxygen consumption is great. In 
addition, these tests are usually run to high conversion (up to 50 percent). 

At high conversion the chain branching reactions which take place can greatly 
complicate the reaction picture. Here many products are formed and chemical 
analysis and kinetic treatment of the data become difficult if not impossible. 
Nevertheless this technique has been successful in reproducing high-temperature 
oxidation degradation from bearing tests (ref. 56), and gas turbine engine 
tests (ref. 68), and it has contributed to the fundamental understanding of the 
degradation of esters and hydrocarbons (ref. 69). 


Stirred Flow Reactor 

The thin film test just described is an example of a batch process. A 
single charge of material is used. In a continuous process, a constant flow 
of material to be oxidized 1s fed to the reactor. It has been shown that the 
instantaneous reaction rate can be determined by balancing the rate of reaction 
with this flow (ref. 70). This essentially maintains steady-state conditions. 
The stirred flow reactor is an example (ref. 34). 

The material to be oxidized is fed Into the reactor of constant volume 1n 
which there is thorough agitation producing a homogeneous mixture. This mix- 
ture is then removed at the same flow rate as the input of oxidizable material. 
Eventually, steady-state conditions will prevail and all reactants, intermedi- 
ates, and final products have constant concentrations. The rate of consumption 
or formation of any product, intermediate, or reactant can then be calculated 
from the following equation. 




(31) 


where d(X)/dt 1s the rate of consumption of formation of substance X, (X)_ 
is the concentration of X 1n the effluent at steady state at residence time 
T, and (X)q the concentration of X in the entering fluid. 

This equation is valid for any species, regardless of the complexity of 
the reaction. This Is obviously a plus for kinetic studies. An empirical rate 
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(rut. U) lidvu l.fikun acJwantaye of tlii;> fact to develop a ratncr siinplu tucii- 
iiipMc fur inoiiitor ifii) fhu oxidative breakdown of lubricants. I'hoy used a solid 
state metal oxide semiconductor yas sensor oriyinalty developed to detect ex’^- 
plosive cmidi tions. The system is diayrainiiied in figure 1.1. Correlation of the 
d(!tected yas evolution with classical indicators of lubricant oxidation (such 
as viscosity and acid iiuiiiPer chanyos) is illustrated in figure 14. 


ANALYTICAL ILCIINIQUI; S 

During, or at test conclusion, a chemical analysis of the resulting prod- 
ucts is necessary. A variety of common chemical analytical techniques an; 
used for these analyses. The following sections are not meant to bcj an 
exhaustive survey of these techniques. The intent is just to highlight a few 
of the more commonly used procedures. 


High Pressure Liquid Chromatography (HPLC) 

The development of HPLC has afforded a method for the separation of com- 
plex mixtures of organic compounds (such as a mixture of oxidixed lubricant 
products) (ref. 73). This method separates materials due to an equilibrium 
distribution of the materials between a stationary phase and a mobile phase 
which percolates through the stationary phase. HPLC is not used as extensively 
as gas chromatography (GC). However, it does have the advantage that while 
only about 20 percent of organic material is volatile enough for normal GC ana- 
lysis, a greater percentage can be solubilized for separation by HPLC. An ex- 
ample of this separation technique in the size exclusion mode is described in 
the following paragraph. 


Size Exclusion Chromatography 

Size exclusion chromatography (SEC) is the HPLC mode that separates com- 
ponents of a mixture according to molecular size. 6-MIL-99 is a generic gas 
turbine engine lubricant developed at NASA for fundamental tribological stud- 
ies. It is very similar to proprietary blends meeting the MIL-L -23699 speci- 
fication (ref. 74). 6-MIL-99 is a single component basestock (triinethyolpro- 

uane triheptanoate) (TMPTH). This formulation also contains an antiwear addi- 
tive (2.5 percent tricresyl phosphate (TCP), two antioxidants, 1 percent di- 
octyldiphenylamine (OODPA) and 1 percent phenyl-a-napthyl amine (PANA), and a 
corrosion inhibitor, 0.02 percent benzotriazole (BTZ). Figure 15(a) is a SEC 
trace of the unused fluid using an ultraviolet detector at 254 nm. As can be 
seen, three of the four additives have been partially separated and are iden- 
tified. Figure 15(b) contains the same sample but using a refractive index 
(PI) detector. Here, in addition to the additives, the primary ester peak is 
seen. 


The next series of spectra (fig. 16) shows the progressive oxidation of a 
similar formulated ester in a gas turbine engine test (ref. 60). The spectra 
show the progressive loss of additives and the formation of higher molecular 
weight products. This data is typical of the decomposition seen in high- 
temperature tests with ester base fluids (refs. 29 and 69). 
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the field. An example of the use of NMR in oxiif^n^ !; ^ ignment with 

in figure 19. oxidation studies is illustrated 

spectrum of a fully characterized f luid^f CopS/r-^ui confirmed by the 

bond (fig. 19(b)). The f luorfnafoH known to contain a C-H 

bonds. Sin^r?^ bond energy 0 ? s'^ch 

spending C-F bond, this presence of r ^ corre- 

weak link. The consequences of provides an unwanted 

ted polyethers. A spectrum of the same fhj?H^lftf I*h^*’*^ section on fluorina- 
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2R0j>« -► ROH + RgC e 0 + 0^ 
'^(R2C=0)* 


(13) 


S.Es;".r;s„riir:s^^^^^ 

(Rj,C= 0 )* + Q + R^C^O + Q 


(RgCt^O) 


R^C-O 


+ Q 

(32) 

hv 

(33) 


18 


ORIGINAL PAG^ Sa 
OF POOR QUALITY 


The Intensity of the emitted radiation (hv) Is directly proportional to 

the square of the concentration of peroxy radicals This dependence 

Is the basis for determining the concentration of peroxy radicals and thus the 
kinetics of hydrocarbon oxidation. The advantages of CL are (1) It Is ex- 
tremely sensitive, (2) It Is noninvasive, (3) it provides a continuous monitor 
of peroxy radicals, and (4) only small samples are required, A number of In- 
vestigators have used CL In oxidation studies (refs. 79 to 61). An example of 
a CL apparatus appears In figure 21. A thorough review of CL appears In ref- 
erence 82 and a recent review concerning Its applications to fuels and lubri- 
cants appears In reference 83. 


Shock Tube Studies 

Another method that has been used for kinetic studies of hydrocarbon py- 
rolysis and oxidation is the shock tube technique (ref. 84). Its use In gas 
phase hydrocarbon oxidation Is reported In reference 8b. In this technique, 
gas samples are heated during a very short time Interval (O.b to b usec) and 
then quenched by expansion. The reaction products can then by analyzed outside 
the shock tube for use In kinetic studies. Since this analysis can be carried 
out at leisure, a variety of analytical methods can be used. Therefore, each 
experiment can yield data on the concentrations of many compounds. A variety 
of rate constants for various hydrocarbon reactions appear in reference 8b. 


CLASSES OF LUBRICANTS 
Hydrocarbons 

Most conventional automotive lubricants are mineral oils which are com- 
plex mixtures of hydrocarbons. Although some fundamental studies (refs. 20, 

33, and 69) have examined these materials, others (refs. 34, 35, 38, 43, 44, 

45, and 86) have opted to study a pure component. 

Jensen and coworkers (refs. 34 and 35) have performed a series of elegant 
experiments with pure n-hexadecane. Autoxidatlon with molecular oxygen was 
carried out at 120* to 180* C using a stirred flow reactor. Initial studies 
concentrated on identifying the primary oxidation products at 120*, 160*, and 
180 C. These primary products Included mono-, d1-, and tri hydroperoxides, 
hydroperoxyketones, cyclic peroxides, and some trifunctional products. Negli- 
gible amounts of esters or acids were formed In these low conversion studies. 

The hydroperoxides are formed by both Interhydrogen and intrahydrogen ab- 
straction reactions. Furthermore, It appeared that a high percentage of hydro- 
gen abstractions were taking place by hydroxy radicals (*0H). It was felt that 
the Intramolecular abstractions should play a role In the autoxidatlon of all 
n-alkanes larger than n-butane. 

In a continuation of this work (ref. 35), secondary or cleavage products 
of the autoxidatlon of n-hexadecane were determined. Products at low conver- 
sion (2 percent or less) Included methyl ketones, alkanoic acids, hydrogen per- 
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oxidfi, aldohydfis, ethers, carhon diaxicle, and carhon rnonoxide. At higher con - 
versions (<lfj percent) esters and Y-lai^tones are formed. 

The basic (nechanlsin proposed hy the authors to account for the observed 
products is summarized as follows: 

Ohain Initiation occurs via homolysis of hydroperoxides forming alkoxy 
(R0») and hydroxy ('OH) radicals which subsequently abstract protons producing 
alkyl radicals (!!•)• The alkyl radicals (R») react with oxygon producing 
peroxy radicals (R0j>») which, In turn, abstract hydrogens Intra - or Intermolec- 
ularly producing moriO", d1-, and tri hydroperoxides. Chain termination occurs via 
blniulecular reactions of chain carrying peroxy radicals (ROy*). Methyl 
ketones (CH3COR) and alkanoic acids (RCOgH) are formed by cleavage reactions 
of a,Y~hydroperoxy ketones (H00R»0). Excess acid and other cleavage products 
are derived from reactions of alkoxyl radicals (RO*). 


Esters | 

Most esters In use today as lubricants are gas turbine engine lubricants. 

Present formulations meeting military specifications MIL-L-23699 or MIL-L-7808 
are either based on trimethyolpropane or pentrerythritol. These alcohols, 
which contain no s-hydrogens, are estrlfiea with various acids to produce the 
final ester products. In practice these lubricants contain a mixture of com- 
pounds. 

However, as in the case of hydrocarbons, utilizing a pure compound for 
oxidation studies is advantageous. Hamilton et al. (ref. 36) have studied the * 

mechanism of the autoxidation of pentaerythrltyl tetraheptanoate at 180* to 
220* C. This was an analogous study to their work with n-hexadecane previously ! 

discussed. \ 

The proposed reaction scheme for PETH Is very similar to that reported for 
n-hexadecane and 1s reproduced in figure 22. Again it consists of initiation 
by hydroperoxide decomposition forming reactive free radicals (1), formation J 

of monohydroperoxides by interm olecular hydrogen abstraction (3), and dihydro- »| 

peroxides and hydroperoxyketones by intram olecular abstractions (4 and 4*). 

Chain termination proceeds via peroxy radical recombination (6). Secondary 
products of acids and methylketones are formed from hydroxyketones (7). In 
addition, high MW carboxy and acetyl substituted tetraesters will be formed. 

A kinetic analysis comparing rate constants for the two systems (PETH and 
n-Cj6) showed a remarkable similarity for most reaction steps. This would 
indicate that indeed both compounds appear to be reacting by a similar mech- 
anism. 

Continuing research at Pennsylvania State University over the last few 
years has also led to a fundamental understanding of the thermal-oxidative 
reactions taking place In ester based systems (refs. 27 to 32). 

Bulk oxidation tests to (500* F) 260* C on di-2-ethylhexy1 sebacate 
(l)ES) and trimethyolpropane triheptanoate (TMPTH) were reported by Czarnecki 
(ref. 28). At 260* C, tests with these esters were autoretarding (see fig. 9). 

It was felt that this was due to the in situ formation of inhibiting materials. 
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‘^’<■^9®" diffusion limitations since an approximate 
30 C rise In test temperature only doubled the reaction rate. 

Reaction products for both tests were analyzed by gas chromatographv and 


h* I ^ diester and smaller fragments were reported as well as a 

cnSt S? 1 fraction. No definitive reaction scheme was theorized but some 
boifiJa a condensation reaction was proposed for the formation of the high 
boiling (I.e., high molecular weight) fractions. 

reported further on the chemical degradation of esters again 
using a bulk oxidation technique. Some diesters, TMPTH and PI;TH were studied 

Sara, “>9el penaeati™ chroinMigrapilyr A cKat- 

gram for di'-2~ethylhexyl sebacate Is shown in figure 23. Tvolcallv all tht* 
esters produced three fractions of low, intermediate, and high MW The indi- 
VI dual fractions were Isolated and further analyzed by IR, UV and NMR tech 
niques. It was deduced that, initially, a low Secular welght^^^^^ 
formed which eventually polymerizes to a high MW sludge (fraction 3). Spectro- 

contained POiy«)er1zed fraction (up to MW of 50 000) 
contained carbonyl groups conjugated with one or more double bonds (-C=C-CbO). 

‘described the development of the microoxidation test 
p eyiously discussed, Ester oxidation was represented by a simple phenomenu 
Tf}' concluded that this technique ade^uatllTsimula!^^^ 

tll^binf e^gines.®"''’’"®"'^^ high~temperature gas 

Product analysis reinforced the theory that the first step in ester oxi- 
dation is the formation of low MW unstable species which subsequently uolvmer 
ize into high MW sludge. UV absorption was found to increasf Jith ii?eaS" 
Mw of oxidation products and with the extent of oxidation In addition cpr ^ 
indicate absorption (AA) of samples from 4-ball tests^ 

MW SetiaK ^ participates in the reactions generating high 

before reported by Lockwood et al. (refs. 32 and 86). with 

apparatus. Here a kinetic model was devised which ore 
fror^l/i- to 24T“°C^'‘^Vo^ evaporation rates, and lubricant stible life 

productsl" production If high MW profu?tf and^SgaSif i?^^ 

A model for ester oxidation is presented in reference 86. It is similar 
farther tS^'^ndiSate 3b) except that the model is carried 
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OH 0 

hoOII + R-CH CHjjCR ► (dbj 



Polymeric product. 


Soluble Iron products were almost totally suppressed by the pr^-^ence of a known 
metal coater -• TCP. 


A further description of the Penn State riilcrooxidatlon test appears 1n 
reference 69. Here oxidation tests of esters and a superrefined mineral oil 
are reported. Oxygen diffusion limitations were negligible for small samples 
(40 ij 1 or less) at 245“ C or less. Reaction kinetics Indicated that esters 
and the mineral oil followed a first-order reaction rate from 0 time up to 80 
percent conversion. 

As indicated In previous work, primary oxidation products for the ester 
were of lower MW than was the basestock. For a mineral oil, these products 
were in the same MW region as the basestock. Secondary and tertiary reactions 
involve the primary reaction products in a condensation polymerization. The 
primary products do not accumulate. Therefore, it was concluded that primary 
oxidation is the rate determining step and the polymerization reaction is much 
more rapid. 


Catalyst Studies 

Catalyst studies indicated that the type of metal affects both the primary 
rate as well as the condensation step. For the primary reaction the following 
order of decreasing catalysis was observed: 

Fe > A1 > Pb > Cu 

Tlie order tor de;creasing catalysis of the condensation reaction was a little 
different: 


Fe > A1 > Cu > Pb 
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Qualitative analysis Indicated that tour characteristic chemical yroups 
were identified In all oxidation products (primary and secondary) from esters 
and the mineral oil. These were hydroxyl (-0H), carbonyl (ChO), alkenes (C«C), 
and conjugated dienes (Ck*C-Cp«0), 

More recent work (ref. '4?,) with the microreactor indicates that oxyaen is 
definitely required to Induce the polymerization reaction with esters. This 
work also established that while low carbon steel and stainless steel catalyze 
oxidation, Pb, Zn, bn, and Cu act as Inhibitors. AA analysis Indicates that 
thu concentration of dissolved metal In a lubricant does not follow the order 
of catalytic activity. Low concentrations of iron are active promoters while 
high concentrations of lead act as Inhibitors. 


Polyphenyl Ethers 

The polyphenyl ether fluids have been studied (refs. 89 and 90} as possi- 
ble high-temperature lubricants for many years. They are thermaljy stable to 
approximately 450* C and oxidatively stable to approximately 275* C. Most of 
their problems have been related to poor low-temperature properties ^’'.nd poor 
boundary lubricating ability. 

Most of the mechanisms of oxidation degradation of these fluids were per- 
formed in the early 60 's (refs. 55 and 91). At 2BB* C and above these fluids 
begin to consume oxygen (after an induction period). These were bulk oxidation 
tests using a Uurnte type apparatus. As oxidation proceeds, the fluid turns 
black with an accompanying linear increase in viscosity with increasing oxygen 
consumption. In addition, EPR spectra indicated the presence of a stable free 
radical in the oxidized product. 

In contrast to the previously discussed autoxidation mechanisms of alipha- 
tic hydrocarbons, the initiation step appears to be an attack by molecular oxy- 
gen at the phenyl-oxygen-phenyl carbons rather than C-H positions. Symmetrical 
and unsymmetrical cleavage and dehydrogenation reactions occur to yield phenoxy 
and substituted phenoxy radicals. 

Propagation occurs when these radicals attack the parent molecule at the 
C-O-C carbons producing more phenoxy radicals and with cleavage to form a 
higher molecular weight product (containing some C-C bridges). An overall 
reaction would be 


^^ 24 ^ 18^3 


(36) 


Because of the Inherent stability of these fluids, conventional antioxi- 
dants (such as amines and phenols) are not useful. This is related to the 
volatility or thermal instability of these additives. However, some additives 
are effective above 260 C. These include aromatic tin compounds such as tet- 
raphenyl tin (ref. 92) and certain other organometallic compounds (ref. 91). 
Cuprous and cupric oxides (refs. 92 and 93) were also effective. 

A continuation of this work (ref. 95) showed that soluble alkali or alka- 
line earth metal phenoxides are also effective inhibitors to 370* C. Oxides, 
hydroxides, and carbonates of alkali metals and barium are very effective in- 
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Mi 1)1 tors (tij apj)roxinifli;t)|.y J70** C). A Mroposoii mochanlsin t;(u! MostrurtlQn 
01 |H<roxy raflicals My a superoxlrli) toriiirttlon (rof, 9A). 

In lad.. oxUlatjon/corrosion tods (rot . 9fi) sliowoM that tlio prosoriro oi 
a varioty d inotal ooupnnr, roriucoM tho oxidation of a polyiihonyl othor (nioas 
orod hy viscosity Incroaso). Load and coppor r.ooiiiod to ho tho most ot tod Ivo. 

Iho\.tli:or\S^^^ ’ ‘Hscussod if, 


L-I'.tliors 

.1 class ot Holds, (C-ethors) or thlo-othors, aro structurally sliii' 

Hur to tho polyphonyl uthors (ref. 9/). Tho basic composition of this class 
IS shown In flyuro /A. These fluids havo certain advaritayos over the poly-. ” 

lormanco (rut. 90). However, their Irihormit thermal stability 1s somewhat 
yfo*'")' ^ oxidation stability (bulk tests) Is about 

V’ Polyplienyl ethers, these fluids do produce large 
?ref f 99? ^ ^ lubricating conditions ^ 

Macro oxidation-corrosion tests of formulated C-ethers indicated deoosit 
formation was a problem (ref. M),^ Two C-ether formulations were studied by 

^?nn^ ^Mo ^ ® macro-reactor do- 

M-IS%teeff„d‘;r/er°e'used “.rc.ralifts" chron,ato,raphy. 

Thi« c-ether decomposition to about the same extent, 

rnib IS In contrast to the data reported in reference 54, where silver produced 
2 to 5 times the amount of high molecular weight products as M-50 under similar 
test conditions. In addition there was little difference between air and ni- 
trogen atmosphere tests based on high MW product formation. 

Several discrete peaks of higher MW were seen on many of the chroinato- 
yriins. Peaks appeared at about 450, 600, 700, and 800 as well as a broad oeak 
centered at 2400 (see fig. 25). It would appear that coupling rL?tlS?,s %r 

MW oligomers basically differing In MW by the 
another phenyl-sulfur species. A process similar to that described 
for the polyphenyl ethers could be operating here. 


Perf 1 uoroa 1 kyl ethers 

Perfluoroalkylethers are a class of fluids which exhibits excer-^nt ther- 
stability (refs. lOU and 101). Combined with good vlLo^ty 
characteristics (ref. 43), good elastohydrodynarnlc film forming capabilities 
boundary lubricating ability (refs. 46 and 49), and nonflam- 
ability properties (ret. 51) make these fluids promising candidates for high- 
temperature lubricant applications. ^ 

a hralIrhJS''ri«cc^^'"Th Of perfluoroalkylethers, an unbranched and 

1 Ibe general structures of these classes are shown In figure 
The most important representatives of the branched materials (fig. 26(a)) 
are based on the polymerization of hexaf luoropropylene oxide (HFPO), 
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Uranchfid Purf 1 woroa 1 kyl ether s 

Initial thermal and oxidatlye stahllity tests nn the hranehed 
performed on very pore, highly eharacterUed materials (rel . 100 ). |Qls early 
data Indicated that these materials should he thermally stable to 410 h and 
that oxygen would not accelerate this degradation. 

However, tests performed on commercial samples never yielded this Ideal" 
Ized stahllity. Thermal stahllity of ahout M) (. (ref. 49) and oxidation/ 
corrosion stability to J^hO" 0 (ref. 4 (i) 1 ti the presence of ferrous and titanium 
alloys was obtained. This was confirmed by Paclorek et al. (ref. 4/) 1n hulk 
oxidation /corrosion experiments. 

In the early work hy Gumprocht (ref. 103) he showed that pure (1.e., com- 
pletely fluorinated) HFPO fluids theoretically yield mainly CFiCF^CF’g, CF 3 COF. 
and COFy. Under oxidizing conditions (Paclorek et al.) (ref. 47) did not ob- 
serve ariy CF 3 CF-CFJJ. This may ho due to the oxidation reaction 


0 

CF^CF-CF^-^-CF^COF + COFg (<^0 


or more likely due to the unzipping reaction 

0 

-^CF-CFjjO CF-CFgO* -►CF3COF + COF^ 
CF3 CF3 


The major products isolated at test conclusion were SIF 4 , COg, and BF 3 . These 
are obviously due to reaction of the primary products with the glass surface or 

the oxidation-corrosion apparatus such as 

2 COF 2 + SiOg-^SiF^ + 2C0jj (3») 


Based on the rate of production of these volatile products. It was deter- 
mined that the commercial HFPO fluids were oxidatively stable to about 343 C 
In the absence of metal. The limited degradation at 343 C was thought to be 
due to oxidative instability of a weak link or end group. Since at test con- 
clusion the residual fluid was essentially unchanged (i.e., same MW, viscosity, 
and IR spectra), it was deduced that a certain number of chains had to be 
hydrogen terminated. Indeed, pretreatment at 343 C with oxygen yielded a 
more stable fluid, presumably due to burning off the weak hydrogen terminated 
chains. Proton NMR (fig. 19) eventually confirmed this theory. The as- 
received fluid shows the presence of CF 3 CFII 0 - as a^characterlstic doublet 
at b.9 ppm. After thermal -oxidative exposure at 343 C these peaks completely 
disappear (fig. 19(c)). 

In the presence of metals and alloys at 316 C such as Ti (4 Al, 4 Mn), 

Ti, and Al, the degradation rate is increased (fig. 27) and Is higher for the 
rionpretreated fluid. This would Indicate that the metals are accelerating the 
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fjoiirfUlrition ol w««k links, tlownvor. sucr.nss ; vn mfiasuromonts with tho T1 Al, 
^ Mn) alloy at, MOM" f; show a continual upta!;, of oK.yijon with tliiio, Olivinnsly 
anothor tnoclianisni Is operatlyn horn. Analysis of tho rosUlual fluid showmi a 
drastic docroaso In MW which would Indlcato that a chain scission orocoss Is 
llkoly, such as dopictod holow 



A n 

I raijinent A can further degrade and U Is just a lower MW toloiimr of tho lll’PU 
f luid. 


Thoroforo, it appears that metals and metal alloys promote degradation in 
HFIH) fluids by a chain scission process, Thu Hl-hO fluids that have been ther- 
mally pretreated at 343" C in oxygen are stable to oxygen at this temperature. 
Nor is^^the pretreated fluid degraded by M-bU steel ^or T1 (4 Al» 4 Mri) alloys 
at 31b" C. However, degradation does occur at 343" C with these alloys. 


Unbranched Porf luoroalkylethers 

A new class of perf luoroa Iky 1 ethers based on the photo-oxidation of 
f luoro-olef ins (ref. 104) has been developed. This class of materials, whose 
general chemical structure appears In figure 26(b), has an unbranched struc- 
ture (no pendant Cf -3 groups). These fluids have better viscosity-temperature 
properties than the branched (Ht-PO) class (ref. 50). However, the linear fluid 
class has exhibited lower therrnal-oxidative staollity compared to the HFPO flu- 
ids (ref. 50). This is surprising since the chemical bonding in both classes 
is very similar. In fact, It has been shown (ret. 103) that tertiary carbon- 
fluorine bonds are less stable than those involving primary or secondary carbon 
atoms. This would lead one to conclude that the HPPO fluids (which contain 
tertiary carbon atoms) should be less stable than the linear fluids. 

Recent work (ref. 52) has confirmed that the unbranched fluids are inher- 
ently unstable at 316" C In oxidizing atmospheres. This instability Is not due 
to hydrogen chain termination or residual peroxide linkages. In the prestince 
of M-50 steel or Ti (4 Al, 4 Mn) alloys at 288" and 316" C In oxidizing atmo- 
sph(?res, the unbranched fluids exhibit much greater degradation than in uncat 
alyzed tests (fig, 28). However, these alloys do not promote degradation at 
316" C in inert (nitrogen) atmospheres. 

In addition, catalyzed tests indicated that pure metals (Ti, Al) did not 
promote as much degradation as alloys [TI (4 Al, 4 Mn)] (fig. 29). Again, as 
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with the HFPO fluids, the metals anti alloys promoted degi^adatlon via a chain 
scission process which 1s depicted 1n figure 30. 


Inhibitors 

Two different degaradatlon Inhibitors have been studied with perfluoro- 
a Iky I ether fluids, a perfluorophenyl phosphine (P-3) (refs. 40 and S2) and a 
phosphatrlazine (CgPN 3 ) (ref. 52), both of these Inhibitors have been 
shown to be quite effective at C In oxygen with the unbranched fluids 
(fig. 31), but are only marginally effective at 316* C. Similar responses 
occurred with the branched fluids (ref. B3). 


MODELING AND SIMULATION 

In the last 10 years, modeling (ref. 106) has been Increasingly used in 
the study of complex reactions (ref. 106), including oxidation (ref. 107), 
Modeling involves a systemization of information for a particular complex reac- 
tion. This systemization should lead to a compilation of all possible mechan- 
isms. This results in a chaotic set of chemical reactions. 

Next this set of reactions is systematized into a network. In particular, 
to a sequence network which will describe the possible pathways of given atoms 
via certain selected species. An example of a sequence network for the oxida- 
tion of ethylbenzene (RH 2 ) is shown in figure 32. Experimental data then pro- 
vides feedback for the initial mechanism compilation. Reactions found not to 
occur may be eliminated while others may be added. Certain experiments (in 
vitro) may be performed for additional information. For example, the impor- 
tance of a specific subset of reactions may be studied by excluding other com- 
peting reactions. 

It is obviously important to determine the relationship between the 
reaction mechanism and kinetics. Any mechanism can be expresssed by the 
following differential equation system 

C»A*(k*c) (41) 

where ^ is the column vector of the first derivative of the species concen- 
trations with time, A is the stoichiometric matrix determined by the mecha- 
nism, k is the rate constant matrix of the elementary processes in the mecha- 
nism, and £ is the column vector of the time dependence of the species con- 
centration. 

There are three analysis possibilities: 

(1) Only the Important reactions are considered (zeros are inserted in 
the A matrix for eliminated reactions) and the reduced system solved. 

(2) The concentrations of all species are measured and the equations 
solved for k. 

(3) By arbitrarily varying the elements of J<, different solutions may be 
obtained and then compared with experimental data. This enables one to deter- 
mine the importance of the various reactions in the overall mechanism. This 
approach is called computer simulation. 


unn fixp1.inat1on tor a modeling process tor the liquid phase oxida-- 

Uon 01 ethylhufizene appears in reference 107. A general Introduction to sim- 
ulation appears In reference 100. iMuimuMun mi sim 


l-ree Radical 
Homo lysis 

Autoxidatlon 

Catalyst 

Ini tiator 
Oxidation 

Disproportionation 
Lewis Acid 


GLOSSARY 

A species having an unpaired electron hut no charge 
Breaking of a diamagnetic molecule Into two paramagnetic 
species 

Oxidation of an organic compound with molecular oxygen 
1n the absence of a flame 

Any substance that increases the rate of a chemical 
reaction 

A substance that starts a free radical chain process 
Electron removal from a chemical species 
Transfer of an atom from one radical to another forming 
a saturated and an unsaturated molecule 
Species capable of accepting an electron pair 


A 

AA 

Aro* 

CL 

DES 

E 

‘"UIS 

ESR 

In 

IR 

k 


MW 

NMR 

PETH 


symbol: 

preexponential factor 

atomic absorption spectroscopy 

phenoxyl radical 

chemiluminescence 

d1 -E-ethyl hexyl sebacate 

activation energy 

bond dissociation energy 

electron spin resonance spectroscopy 

hydroperoxy radical 

initiator 

Infrared spectroscopy 
rate constant 
rate of chain propagation 
rate of chain termination 
molecular weight 

nuclear magnetic resonance spectroscopy 
pentaerythrityl tetraheptanoate 
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PT7 

phenothlazine 

R 

yas constant 

R-H 

hydrocarbon 

R. 

rate of chain initiation 

RO* 

alkyl free radical 

ROg. 

alkoxy radical 

ROg. 

peroxy radical 

ROgH 

hydroperoxide 

RO 4 R 

tetroxide 

SEC 

size exclusion chromatography 

T 

absolute temperature 


thermal decomposition temperature 

TCP 

tricresyl phosphate 

TMPTH 

trimethyolpropane triheptanoate 

UV 

ultraviolet spectroscopy 

X 

inhibitor 
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TABLE I. -- THERMAL DECOMPOSITION TEMPERATURES AND 
BOND DISSOCIATION ENERGIES FOR VARIOUS COMPOUNDS 


CompoMnd 

Bonds 

E 3 

‘'DIS* 

kJ/mole 

"C 

Octacosane 

C"C 

337 

350 

U-ethyl"U".methy1 

pentacosane 

C 

'*C”C 

c 

<p-(p 

314 

331 

£~quartaerphenyl 

432 

454 

Polyphenyl ether (5P-4E) 

(p-O-ip 

423 

443 

£-b1 s (£-ch 1 orophenoxy ) 

(p-Cl 

419 

409 

benzene 




p-bls(p-bromophenoxy) 

(p-Br 

335 

387 

benzene 




Fluorlnated polyether 


406 

390 

Synthetic paraffinic 

c-c 

337 

314 

Alkylated benzene 

(P-C-CH 

335 

340 



mu I 


lABlE ri, ~ OXIDIZABIUTY of various organic compounos 

fFrom ref. 60.] 

SulistMte y(?kj)^'^lo3(H“*'^si.c 

?! » .VP 1 me t hy 1 u t ene 

3.?! 

Cyelohexnno 

P.3 

1 ’Oeteno 

.06 

CurnenQ 

l.S 

Fthyl benzene 


I'olueno 

.01 

ii-Xyleno 

.06 

Penal dehyde 

290 

Benzyl alcohol 

.86 

?,4,6-Trtniethylheptane 

no 









rABLH IV, ~ RATK CONSTANTS PCR LA0IUI HYDROGTN FOR 
RFACTIQN OF SUBSTRATES WITH THEIR OWN PtROXY 
RAIHCAES (kp) ANO WITH tert- BUTYLPFROXY 
RADICALS (kp) At .lO" C 
I'Froiii rof. !)7.] 


SuDstrdtf! 

l-'Octeru* 

C.yclohoxone 
Cyclopentone 
, 3-l)i(iiGthy 1 -?i-.butene 
Toluene 
Ethyl ber)20ne 
Cumene 
Tetralln 
Benzyl ether 
Benzyl alcohol I 

Benzyl acetate 
Benzyl chloride 
Benzyl bromide 
Benyl cyanide 
Benz aldehyde 


Si S) 

0 . !) 0 . 0 R 4 

1. fi ,B0 

1 ./ . Of ) 

1.14 .14 

.00 .012 
. 6 S .10 

.10 .22 


2.4 ,065 

2.3 .0075 

1.50 .008 

.6 .006 

1.56 .01 

33 000 ,85 


k„/k» 
p p 


25.0 

37.0 
307 
190 
100 
156 

' 40 000 


tabli-: V. - TOcnvEN(;Ss of rNHiBinow 
fly VARIOUS PHENOLS 
Cf^i^oin ref. s.] 


I’lieno? 

2 "Methyl phenol 
^■"t-^Butylphenol 
4-Methyl phenol 
?>t-Butyl phenol 
2*S-Dtinethylphenol 
? , 4-D i -t-buty 1 pheno 1 

2 . 4 . 6 - Trl - t-butylphenol 
2 - Methyl - 4 - t-butylphenol 

2 . 6 - 01 - t - bi ! tyl - 4 -methylphenol 

2.4.6- Trtmethylphenol 
2,4-Dl~t-butyl~6-fliethylphenQl 


0.027 
.17 
.OS 
.095 
.26 
.314 
.465 
.47 
.515 
.65 
1.00 
1.05 


pw 


Logaritfim of rate of v^or pressure rise, 
logAP/Af, torr/hr 
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Figure 1. - Recording tenslmeter. 
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Figure 2. - Typical thermal decomposition 
curve (or synthetic hydrocarbon. Heal- 
ing Interval, 5®C, 
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Figure 3. ■ Useful life (liased on 10-percent 
decomposition) of four lubricants In nitro- 
gen as function of temperature (ref. IS). 



ki/mole 

Figure 4 ■ Thermal decomposition 
temperature (T^) as a function of 
bond dissociation energy (Fdls). 
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Figure 7. * Oxidation rate as a 
function of concentration for 
ethyl llnoleate (ref. 25). 
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Figures. - Typical mecro-oxidatlon cell (ref. 25). 
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Figure 9. - Types of kinetic curves 
of the absorption of oxygen (ref. 
251. 
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Figure 1 ft - MIcro-nxIdation apparatus (refs, 30 ami 6oi. 
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Figure 11. - Stirred fiow nilcroreaclor 
(ref. 34). 
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Figure la - Thermal oxidative decomposition tube. 
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Figure 16. - Summary of $lze exclusion chromatograms for unused 30- and 
65-hr samples (ref. 68). 
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Figure K. - Ultraviolel-vlslble ^ectra from size exclusion separation of oxidized ester (65-hr 
s«nipi6L 
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FlijLire 18, - Infrared spectra o( oxidized ester separated by 
size exclusion chromatography. 
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Figure W. - Proton NMR spectra, referenced to tetramethyl sllatie(T(VlS)(ref. 53 ), 
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Figure Z3. - Gel perineallon chromatograms obtained for oxidized dl“ 2 - 
ethylhexylscbacate, no catalyst (ref. 87 ). 


Detector resBonse 


OKintw/iiL 

POOf? Q(J/u }i V 



0' ^S' >v-- >(). 

(fli 111 "l(lilll)ls(,S'|llig(t«xyll9(1ZRIIfl]( IIIQIOCIiIac WRiulll, 'M, 



y 1,3-bis Iplienylthlt)) |)un 2 DnU| inuleculer welylil, 2 V 4 
Figure a ■ Chemical coinponums of c -ether U85U fluid (ref. m 
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Figure 30. - Degradation ol unbranched 
perfluordalkyl ethers In the presence 
ofTKdAI, 4Mnlat 288®CinO, 

(ref. 53). 



Figure 31. ■ Hfotl of degradation Inhibitors on Iho rate of 
condensible product formation of an unbranched perllu- 
oroalkvletherlref. 52). 





